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-The sympathetic nervous system, leptin, and renin-angiotensin system (RAS) have been implicated in obesity-associated hypertension. There is increasing evidence for the presence of both leptin and angiotensin II receptors in several key brain cardiovascular and metabolic control regions. We tested the hypothesis that the brain RAS plays a facilitatory role in the sympathetic nerve responses to leptin. In rats, intracerebroventricular (ICV) administration of losartan (5 g) selectively inhibited increases in renal and brown adipose tissue (BAT) sympathetic nerve activity (SNA) produced by leptin (10 g ICV) but did not reduce the SNA responses to corticotrophin-releasing factor (CRF) or the melanocortin receptor agonist MTII. In mice with deletion of angiotensin II type-1a receptors (AT 1aR Ϫ/Ϫ ), increases in renal and BAT SNA induced by leptin (2 g ICV) were impaired whereas SNA responses to MTII were preserved. Decreases in food intake and body weight with ICV leptin did not differ in AT1aR Ϫ/Ϫ vs. AT1aR ϩ/ϩ mice. ICV leptin in rats increased AT1aR and angiotensinconverting enzyme (ACE) mRNA in the subfornical organ and AT1aR mRNA in the arcuate nucleus, suggesting leptin-induced upregulation of the brain RAS in specific brain regions. To evaluate the role of de novo production of brain angiotensin II in SNA responses to leptin, we treated rats with captopril (12.5 g ICV). Captopril attenuated leptin effects on renal and BAT SNA. In conclusion, these studies provide evidence that the brain RAS selectively facilitates renal and BAT sympathetic nerve responses to leptin while sparing effects on food intake. kidney; brown adipose tissue; losartan; captopril; angiotensin-converting enzyme; angiotensin II type-1a receptor deletion HYPERTENSION IS A FREQUENT consequence of obesity (14, 22, 29, 33) . Circulating levels of leptin, an adipocyte-derived hormone that acts on the brain, are elevated in animal models of diet-induced obesity (45) and in many obese humans (9, 16) . In addition to decreasing food intake, leptin increases sympathetic nerve activity (SNA) to thermogenic brown adipose tissue (BAT) and to nonthermogenic tissues such as the kidney (13, 26) . Leptin-induced sympathetic excitation has been implicated in obesity-induced hypertension (1, 6, 10, 41, 42, 45) .
The renin-angiotensin system (RAS) has also been implicated in the pathogenesis of obesity-induced hypertension (15, 21, 52) , but the sites and mechanisms of the prohypertensive actions of the RAS in obesity are unclear. In addition to the classic circulating RAS, there are tissue-specific RAS including, among others, adipose tissue (15, 52 ) and brain (11, 19, 20, 37) RAS. The adipose RAS has been implicated in obesity hypertension through an increase in adipose tissue angiotensinogen expression, which promotes adipose tissue development and increases circulating ANG II (4, 5, 15) . The brain RAS also contributes to the regulation of SNA and arterial pressure (11, 19, 20, 37) and therefore might be involved in obesity-induced hypertension.
There is evidence for both angiotensin and leptin receptors in several brain regions involved in regulation of SNA. For example, there are angiotensin (ANG) II type 1 receptors (AT 1 R) in the arcuate nucleus (ARC) (2, 36), a prominent site of leptin action. There is also evidence for leptin receptors and signaling in other brain regions, such as the subfornical organ (SFO) (47) (48) (49) and nucleus tractus solitarii (3, 17, 25, 32) that are involved in angiotensin signaling.
Additionally, there is evidence for a facilitatory peripheral leptin-angiotensin interaction (7, 27) . Plasma and lung angiotensin-converting enzyme (ACE) activity and mRNA are decreased in leptin-deficient, ob/ob mice (27) . Administration of leptin increases systemic ACE activity (27) . In ob/ob mice, leptin increases ANG II and augments the depressor response to ACE inhibition (27) . In addition, Cassis et al. (7) demonstrated that ANG II produced by adipocytes increases leptin release from adipocytes. Similarly, RAS inhibition by chronic aliskiren (50) , captopril (54) , enalapril (46) , or candesartan (57), or global genetic knockout of ACE (28) or AT 2 receptors (56) reduces circulating leptin levels.
Based on evidence for both angiotensin and leptin receptors in several brain regions involved in the regulation of SNA and for a peripheral facilitatory leptin-angiotensin interaction, we tested in rats and mice the hypothesis that the brain RAS facilitates sympathetic nerve responses to leptin, i.e., the concept of a brain leptin-RAS interaction in the regulation of SNA. We evaluated effects of cerebroventricular administration of losartan or captopril on SNA responses to leptin in rats and also compared responses to cerebroventricular administration of leptin in ANG II type 1a receptor knockout vs. wild-type mice.
METHODS

Animals
Male Sprague-Dawley rats (Harlan Laboratories 
AT1aR
Ϫ/Ϫ were bred on a C57Bl/6J background and wild-type mice consisted of C57Bl/6J nonlittermate controls, and 2) the University of Iowa Transgenic Facility where the AT 1aR Ϫ/Ϫ mice on a C57BL/6 background were initially crossed with 129SvJ strain mice and then maintained by ϩ/Ϫ X ϩ/Ϫ breeding. Experimental mice were AT 1aR Ϫ/Ϫ . Control mice consisted of homozygous wild-type littermates. Mice were genotyped by PCR using genomic DNA obtained from the tail (primers: AT 1 forward: 5=-GCA TCA TCT TTG TGG  TGG G-3=; AT 1 reverse: 5=-ATC AGC ACA TCC AGG AAT G-3=;  AT 1 neo: 5=-TGC CGA GAA AGT ATC CAT CAT GGC TGA  TGC-3=) . Animals were housed in a temperature-controlled room with a 12:12-h light-dark cycle. Standard laboratory chow and tap water were provided ad libitum. All studies and procedures were approved by the University of Iowa Animal Research Committee. All studies were conducted in accordance with the National Institutes of Health's Guide for the Care and Use of Laboratory Animals.
Experimental Preparations and Protocols
Lateral cerebroventricular cannulation. For the placement of a lateral cerebroventricular (ICV) cannula, rats or mice were anesthetized with intraperitoneal ketamine (91 mg/kg) and xylazine (9.1 mg/kg). In rats, under aseptic conditions and anesthesia, the head was then placed in a stereotaxic frame (David Kopf Instruments) and a stainless steel 23-gauge, 22-mm long cannula was implanted into the left lateral cerebral ventricle using coordinates based on the atlas of Paxinos and Watson (38): Ϫ0.3-mm caudal, Ϫ1.4-mm lateral, and Ϫ5.7-to Ϫ6.1-mm ventral relative to the bregma. In mice, a stainless steel 25-gauge, 9-mm long cannula was implanted into the left lateral cerebral ventricle under the following coordinates: Ϫ0.3-mm caudal, Ϫ1.0-mm lateral, and Ϫ3.0-mm ventral relative to the bregma (18, 44) . The cannula was anchored in place with a stainless steel machine screw and dental cement. A stylet was inserted to seal the cannula until use. After 7 days of recovery, animals were prepared for the procedures and protocols described below.
Effects of losartan or captopril on sympathetic nerve responses to ICV leptin in rats. After recovery from ICV cannulation, rats were anesthetized with intraperitoneal urethane (1.5 g/kg; Sigma-Aldrich Biochemical). Anesthesia was maintained with urethane, administered via a right femoral venous catheter as needed. Arterial pressure and heart rate were monitored with a catheter inserted into the tail artery. The trachea was cannulated and each rat was allowed to breathe oxygen-enriched air spontaneously. Rectal temperature was maintained at 37.5°C using a temperature controlled surgical table and lamp. As described previously (32) , multifiber recordings of SNA were obtained from a nerve to the left kidney. In some experiments, we also obtained recordings of SNA to interscapular BAT. The left kidney was exposed through a retroperitoneal flank incision. With the use of a dissecting microscope, a renal nerve was carefully dissected free and placed on a bipolar 36-gauge platinum-iridium electrode. In experiments that included recordings of BAT SNA, interscapular BAT was exposed through a nape incision. A nerve fiber innervating BAT was identified and placed on the bipolar electrode. When optimal recordings of renal and BAT SNA were obtained, the respective nerves were covered and secured with silicone gel for recordings of SNA to kidney and BAT, respectively. The electrodes on the nerves to BAT and kidney were connected to two separate high-impedance probes (HIP-511; Grass Instruments), and each nerve signal was amplified to 10 5 times and filtered at low and high frequency cutoffs of 100 and 1,000 Hz, respectively, with a Grass P5 AC preamplifier. The filtered, amplified nerve signals were routed to an oscilloscope (model 54501A; Hewlett-Packard) for monitoring the visual quality of the sympathetic nerve recording, to an analog digital converter (ADInstruments) for continuous counting of spikes that exceed threshold set above baseline noise, and finally to a Maclab (model 8s; ADInstruments) for continuous acquisition of the blood pressure, heart rate, and simultaneous renal and BAT SNA for storage and later analysis on a Mac computer (MacBook Pro). The following protocols were performed.
1) To determine the efficacy and time course of losartan-induced AT1R blockade, we measured the arterial pressure response to ICV ANG II (50 ng; Sigma-Aldrich Biochemical) before and sequentially for 60 min after ICV losartan (5 g; Sigma-Aldrich Biochemical). As described in RESULTS, these studies revealed that the pressor response to ICV ANG II was blocked 15 min after losartan but restored at 60 min. Accordingly, in the following protocol, leptin was administered ICV 15 min after losartan. In addition, we performed another protocol in which leptin or vehicle was administered ICV 60 min after ICV losartan at a time when losartan no longer produced blockade of AT 1R. To determine the time course of captopril blockade of brain ANG II production, we measured arterial pressure responses to repeated injections of ANG I (50 ng; Sigma-Aldrich Biochemical) and ANG II (50 ng) intravenously over 5 h in rats given captopril (12.5 g ICV) or vehicle.
2) The effects of ICV losartan or captopril on SNA responses to ICV leptin were studied. After allowing Ն15 min for a stable baseline, vehicle (2 l saline) or the AT 1R blocker losartan (5 g) was injected ICV. Another cohort of rats received ICV captopril (12.5 g; SigmaAldrich Biochemical) instead of losartan. Fifteen minutes later, leptin (10 g; R&D Systems) or vehicle was injected ICV as a bolus. Renal and BAT SNA (measured as spikes/second), arterial pressure, and heart rate were simultaneously recorded at baseline, during the ICV injections (vehicle, losartan, or captopril, followed by vehicle or leptin), and throughout the next 4 h. Animals were euthanized with an overdose of urethane after 4 h of recording. Similar experiments were performed with ICV injection of corticotropin-releasing factor (CRF; 5 g; Phoenix Pharmaceuticals) or with ICV injection of the melanocortin receptor agonist MTII (0.62 ug; Phoenix Pharmaceuticals) instead of leptin to test the specificity of the effects of losartan on sympathetic responsiveness.
3) To determine if ICV administration of losartan blocked SNA responses to systemic as well as central neural administration of leptin, we studied the effects of ICV losartan (5 g) or vehicle on the renal SNA responses to intravenous bolus injection of leptin (0.75 g/g body wt) in anesthetized rats.
Sympathetic nerve responses to ICV leptin in AT 1aR
Ϫ/Ϫ and AT 1aR Ϯ/Ϯ mice. After 7 days of recovery from ICV cannulation, mice were anesthetized with ketamine/xylazine and instrumented for measurement of arterial pressure and heart rate (left carotid artery catheter) and for maintenance of anesthesia (right jugular vein catheter) with intravenous ␣-chloralose (initial dose: 25 mg/kg, sustaining dose: 6 mg·kg Ϫ1 ·h Ϫ1 ; MP Biomedicals). Body temperature was maintained at 37.5°C with a temperature controlled surgical table and lamp. The left kidney was exposed retroperitoneally through a flank incision, and mice were prepared for multifiber recording of renal SNA. In another experiment, in a separate group of mice, we obtained recordings of SNA to interscapular BAT. With the use of a dissecting microscope, a renal nerve was carefully dissected free and placed on a bipolar 36-gauge platinum-iridium electrode. In separate experiments, using a dissecting microscope, a nerve fiber innervating interscapular BAT was exposed through an incision and was placed on the bipolar electrode. When an optimal recording of renal or BAT SNA was obtained, the electrode was covered with silicone gel (Kwik-Sil; World Precision Instruments). The amplification, filtering, recording, and analysis of the nerve signal were identical to those described above in the rat. Renal or BAT SNA (measured as spikes/second), arterial pressure, and heart rate were recorded at baseline and for 4 h after ICV injection of leptin (2 g) in AT 1aR Ϫ/Ϫ and AT1aR ϩ/ϩ mice. In separate groups of knockout and wild-type mice, we evaluated renal SNA responses to the melanocortin agonist MTII (2 g ICV; Phoenix Pharmaceuticals) to test the specificity of the effects of AT1aR deletion on sympathetic responsiveness.
Effects of ICV leptin administration on food intake and body weight. Body weight and 24 h food intake were measured in AT 1aR
Ϫ/Ϫ and AT1aR ϩ/ϩ single-housed mice after an ICV bolus injection of leptin (2 g/2 l) or vehicle (2 l) daily. An ICV cannula was implanted 1 wk before the study. Measurements of food intake and body weight were performed daily at 4 PM followed by leptin or vehicle ICV injection. At the end of the study, blood was collected from the tail of AT 1aR Ϫ/Ϫ and AT1aR ϩ/ϩ mice in heparinized tubes. Plasma was obtained after being centrifuged for 20 min at 2,000 g. Leptin levels were measured using an ELISA kit (R&D Systems) following the manufacturer's protocol.
Effects of ICV leptin on brain AT 1aR and ACE mRNA expression in rats. In separate experiments, rats were implanted with a lateral cerebroventricular cannula and were allowed to recover for 1 wk.
Each rat was then anesthetized with urethane (1.5 g/kg IP) in the same manner as described above. The rats then underwent ICV injection of either leptin (10 g) or vehicle (2 l). Four hours later, each animal was euthanized with urethane and the brain was quickly removed, frozen in liquid nitrogen, and stored at Ϫ80°C. The frozen brain was cut into 300-m coronal sections, and the paraventricular nucleus (PVN) and SFO were punched using a 15-gauge needle centered over the PVN and SFO as described previously (53) . To dissect the ARC, the median eminence was first removed from a frozen brain with a scalpel under a stereo magnifier. The ARC bilaterally was then dissected from the caudal part of the hypothalamus. For quantitative PCR, total RNA was isolated from rat ARC, SFO, and PVN by TRIzol method (according to the manufacturer's protocol, Invitrogen). Total RNA, 1 g, from each brain region was treated by DNase I. First- Fig. 1 . Effects of losartan intracerebroventricular (ICV; 5 g) on sympathetic nerve activity (SNA) responses to leptin (10 g) or corticotrophinreleasing factor (CRF; 5 g) in rats. Leptin or CRF was given 15 min after losartan or vehicle. A: changes in renal SNA in response to leptin after vehicle (n ϭ 21) or losartan (n ϭ 25). Renal SNA after losartan alone (n ϭ 6) is also shown. B: changes in brown adipose tissue (BAT) SNA in response to leptin ICV (vehicle-leptin, n ϭ 15; losartan-leptin, n ϭ 18; and losartan-vehicle, n ϭ 6). C: renal SNA responses to CRF in rats after 4 h (vehicle-CRF, n ϭ 7; losartan-CRF, n ϭ 7; and losartan-vehicle, n ϭ 7). D and E: segments of original recordings of renal (D and E, top) and BAT SNA (D and E, bottom) at baseline and 4 h after leptin (10 g ICV). *P Ͻ 0.05 (losartanleptin vs. vehicle-leptin);
† P Ͻ 0.05 (losartanvehicle vs. vehicle-leptin).
‡ P Ͻ 0.05 (vehicle-CRF vs. losartan-vehicle);
§ P Ͻ 0.05 (losartan-CRF vs. losartan-vehicle).
strand cDNA was synthesized with SuperScript III reverse transcriptase (Invitrogen), and cDNA was diluted 10 times for quantitative PCR. Real-time quantitative PCR was performed using TaqMan Gene Expression Assays (Applied Biosystems) to compare the expression level of two selected genes. The three genes selected and the associated TaqMan assay identifiers were as follows: Agtr1a (#Rn01435427_A1), ACE (#Rn00061094_A1), and GAPDH (Rn99999916_s1, used as a control). PCR reactions were performed in separate wells of a 96-well plate. Thermal cycling consisted of an initial incubation at 95°C for 10 min, followed by 40 cycles of 95°C for 15 s, and 60°C for 1 min in an iCycler (Bio-Rad). Data were analyzed using iCycler software to determine C t values. ⌬Ct values were generated by subtracting the Ct value of GAPDH from the Ct value for the gene of interest. Fold change relative to the corresponding control groups was calculated using the ⌬⌬Ct method (31) .
Data analysis. Results are expressed as means Ϯ SE. SNA, measured in spikes per second, is expressed as percent change from baseline. Data were analyzed using independent Student t-tests or two-way repeated-measures ANOVA followed by post hoc analyses using Bonferroni multiple-comparisons procedures when main effects reached significance. A value of P Յ 0.05 was considered significant.
RESULTS
Effects of ICV Losartan on Pressor Responses to ICV ANG II in Rats
We evaluated the efficacy and time course of losartan blockade on arterial pressure responses to ANG II (50 ng/2 l ICV). The pressor response to ICV ANG II was virtually abolished (P Ͻ 0.05) 15 min after losartan (5 g ICV) but was restored to control levels 60 min after losartan. ANG IIinduced increases in mean arterial pressure (MAP) before and 15 and 60 min after ICV losartan were 18 Ϯ 2, 0 Ϯ 1, and 17 Ϯ 1 mmHg (n ϭ 6), respectively. These results demonstrated that losartan (5 g ICV) produced effective but short-lived blockade of brain AT 1 R.
Effects of Losartan on SNA Responses to Leptin, CRF, and MTII in Rats
We examined effects of losartan (5 g ICV) on sympathetic nerve responses to leptin (administered 15 min after losartan). As shown in Fig. 1A , losartan (5 g ICV) significantly attenuated renal SNA responses to ICV leptin (10 g; Fig. 1, A, D , and E). ICV losartan also significantly attenuated SNA to BAT (Fig. 1, B, D, and E) . The attenuation of leptin-induced sympathetic activation by losartan appeared selective as treatment with losartan (5 g ICV) did not attenuate renal SNA responses to ICV administration of CRF (Fig. 1C) or to ICV MTII. Increases in renal SNA with ICV MTII were 128 Ϯ 47% 4 h after vehicle (n ϭ 6) and 116 Ϯ 31% 4 h after losartan (P Ͻ 0.05, compared with baseline; n ϭ 6, each). We also performed experiments to determine if losartan would attenuate the SNA responses to leptin administered 60 min (rather than 15 min) after losartan, at a time when losartan does not block the pressor responses to ANG II (see above). Losartan did not attenuate the renal SNA responses to leptin given 60 min after losartan. In these experiments, increases in renal SNA 4 h after leptin were 52 Ϯ 14% (n ϭ 12) after losartan and 38 Ϯ 12 (n ϭ 7) after vehicle.
Acute injection of leptin (10 g ICV; Table 1 ) or CRF (5 g ICV) did not significantly change arterial pressure or heart rate after either vehicle or losartan.
As shown in Fig. 2 , ICV losartan (5 g) also attenuated renal SNA responses to intravenous administration of leptin (0.75 g/g body wt).
SNA Responses to Leptin in AT 1a R Knockout Mice
The findings described above with losartan prompted us to study mice with deletion of AT 1a R to 1) focus on AT 1a R since losartan does not distinguish between AT 1a R vs. AT 1b R; 2) test for a brain leptin-angiotensin interaction in another species; and 3) study the leptin-angiotensin interaction using genetic deletion instead of pharmacologic blockade of angiotensin receptors.
Increases in renal SNA induced by leptin (2 g ICV) were significantly less (P Ͻ 0.05) in AT 1a R Ϫ/Ϫ than in wild-type AT 1a R ϩ/ϩ control mice (Fig. 3, A and D) . The renal SNA responses to leptin in the knockout mice from two different sources with two different genetic backgrounds did not differ Values are means Ϯ SE; nos. in parenthesis equal no. of rats. MAP, mean arterial pressure; HR, heart rate. significantly. The changes in renal SNA 4 h after leptin were ϩ22 Ϯ 20% in AT 1a R Ϫ/Ϫ mice on a C57Bl/6J background (n ϭ 7) vs. ϩ28 Ϯ 29% in AT 1a R Ϫ/Ϫ on a C57 X 129 mixed genetic background (n ϭ 3).
The attenuation of leptin-induced increases in renal SNA in AT 1a R Ϫ/Ϫ mice could not be explained by lack of sympathetic responsiveness, because as shown in Fig. 3B increases in renal SNA induced by MTII (2 g ICV) did not differ significantly in AT 1a R Ϫ/Ϫ vs. AT 1a R ϩ/ϩ mice. The effects of AT 1a R deletion on BAT SNA responses to leptin, 2 g ICV (Fig. 3C) , were similar to effects on renal SNA. In wild-type mice, leptin increased BAT SNA, but there was no increase in BAT SNA after leptin treatment in AT 1a R Ϫ/Ϫ (Fig. 3E ). As reported previously (8, 30) , baseline MAP before administration of leptin was lower (P Ͻ 0.05) in the anesthetized AT 1a R Ϫ/Ϫ mice than in AT 1a R ϩ/ϩ mice ( Table 2) . MAP declined (P Ͻ 0.05) during 4 h of the experiments in both AT 1a R ϩ/ϩ and AT 1a R Ϫ/Ϫ mice, but the relative decreases from baseline did not differ between wild-type vs. knockout or between treatments (Table 2 ). There were no significant changes in heart rate after leptin in either the anesthetized AT 1a R Ϫ/Ϫ mice or in AT 1a R ϩ/ϩ mice ( Table 2) .
Effects of AT 1a R Deletion on Food Intake and Body Weight Responses to Leptin
Baseline food intake tended to be higher in AT 1a R wild-type compared with knockout mice (Fig. 4A ), but the difference was not significant. As reported by others (30) , baseline body weight did not differ significantly in AT 1a R Ϫ/Ϫ and AT 1a R ϩ/ϩ mice (Fig. 4B) . In separate groups of mice, baseline plasma leptin levels were not different in AT 1a R Ϫ/Ϫ mice (7.1 Ϯ 0.9 ng/ml; n ϭ 10) and AT 1a R ϩ/ϩ mice (7.3 Ϯ 1.4 ng/ml; n ϭ 10). Leptin was injected for 3 consecutive days ICV (2 g daily) followed by measurement of food intake and body weight. The leptin-induced decreases in food intake in AT 1a R Ϫ/Ϫ and AT 1a R ϩ/ϩ mice ( Fig. 4A ; P Ͻ 0.05 in both groups) did not differ in the two groups. The leptin-induced decreases in body weight during administration of leptin ICV ( Fig. 4B ; P Ͻ 0.05 in both groups) also did not differ in the two groups.
Effects of Leptin on AT 1a R and ACE Expression in Brain Regions
In rats, 4 h after ICV administration of leptin (10 g), there were significant increases in AT 1a R mRNA (Fig. 5A ) and ACE mRNA (Fig. 5B ) expression in the SFO. Leptin increased AT 1a R mRNA but not ACE mRNA in the ARC (Fig. 5, A and B, P Ͻ 0.05) and did not increase either AT 1a R or ACE mRNA in the PVN (Fig. 5, A and B) .
Effects of Captopril on SNA Responses to Leptin or CRF in Rats
Because leptin increased ACE mRNA in the SFO, we wanted to determine if inhibition of brain ACE with ICV captopril would affect SNA responses to leptin. We verified the efficacy and time course of ACE inhibition by measuring blood pressure responses to repeated injections of ANG I and ANG II before and during 6 h after captopril (12.5 g ICV). Captopril in this dose blocked (P Ͻ 0.05) the effect of ANG I (50 ng) on blood pressure from 15 min to 6 h after captopril (Fig. 6A) but did not block increases in blood pressure with ANG II (50 ng).
Inhibition of ACE by injection of captopril (12.5 g ICV) attenuated renal and BAT SNA responses to ICV leptin (Fig. 6,  B and C) . CRF-induced increases in renal and BAT SNA were not altered by captopril (Fig. 6D) .
Acute injection of leptin (10 g ICV) or CRF (5 g ICV) did not significantly change arterial pressure or heart rate after either vehicle or captopril (Table 3) .
DISCUSSION
There are three major findings in this study. First, deletion of AT 1a R in mice or pharmacologic blockade of brain AT 1 R in rats attenuated leptin-induced increases in renal and BAT SNA but did not alter SNA responses to other sympathoexcitatory stimuli such as melanocortin receptor stimulation or CRF, suggesting selectivity of the brain RAS-leptin interaction in the regulation of SNA. Second, deletion of AT 1a R did not attenuate leptin-induced decreases in food intake or body weight. 
Fig. 4. Food intake (A) and body weight (B) in AT1aR
Ϫ/Ϫ (n ϭ 5) and AT1aR ϩ/ϩ (n ϭ 7) mice at baseline (day 1) and with daily ICV injections of leptin (2 g; days 2-4). Leptin produced a significant decrease (P Յ 0.05) in food intake and in body weight in both AT1aR
Ϫ/Ϫ and AT1aR Ϯ/Ϯ , but there was no significant difference in these responses between AT1aR
Ϫ/Ϫ and AT1aR Ϯ/Ϯ .
Third, cerebroventricular administration of captopril attenuated leptin effects on renal and BAT SNA in rats, suggesting that production of ANG II within the brain contributes to the interaction between the brain RAS and leptin. These studies support the concept of a brain leptin-RAS interaction in which the brain RAS facilitates leptin-induced increases in SNA while sparing effects of leptin on feeding behavior.
Our studies do not permit definitive insight into the molecular mechanisms or the site(s) of the brain RAS-leptin interaction. The measurements of mRNA suggest two possible mechanisms for the brain leptin-RAS interaction. The first is a leptin-induced upregulation of brain AT 1a R. This is suggested by the leptin-induced increases in AT 1a R mRNA in the ARC and SFO, both sites of leptin action. The second is a leptininduced increase in ACE with de novo synthesis of brain ANG II acting on AT 1a R. We observed a leptin-induced increase in ACE mRNA in the SFO. We also observed that ICV captopril attenuated SNA responses to ICV leptin. These findings suggest that a leptin-induced increase in ANG II formation in the brain participates in the RAS-leptin interaction.
There are several possible brain sites for the RAS-leptin interaction. We (23) have recently shown that leptin receptors in the ARC contribute importantly to leptin-induced increases in renal SNA and blood pressure, and there is increasing evidence for functional AT 1 R in the ARC (2, 36) . Thus the ARC is a possible site of the RAS-leptin interaction. In addition to leptin actions in the ARC, there is mounting evidence for a distributed brain network of leptin action (17) . This network includes the nucleus tractus solitarii (3, 17, 25, 32) , the SFO (47, 48) , and the ventromedial and dorsomedial hypothalamic nuclei (14, 35) , all of which are involved in neurohumoral control of the circulation and angiotensin action. These brain regions, therefore, all represent potential sites of the brain RAS-leptin interaction.
Mice with global deletion of AT 1a R had attenuation of the SNA responses to leptin but preservation of food intake and body weight responses to leptin. The normal leptin-induced decreases in food intake and body weight in the AT 1a R Ϫ/Ϫ mice are consistent with data indicating that these mice do not have increased adiposity (30) . In a broader context, this disconnect between the food intake and renal SNA responses to leptin is consistent with previous studies from our laboratories (10, 44, 45) and others (1) for selectivity of leptin actions. We (34, 44, 45) previously reported that diet-induced obese mice and two models of murine monogenic obesity have preservation of renal SNA responses to leptin despite partial responses or resistance to leptin-induced decreases in food intake and body weight. This selectivity of leptin resistance has implications for a potential role of leptin in obesity-induced hypertension (34) . In the present study, blockade of the brain RAS produced opposite effects on SNA and food intake, i.e., attenuation of renal SNA response to leptin with preservation of the food intake responses. We submit that this dissociation of the SNA and food intake responses to leptin with disruption of the brain RAS is potentially of greater relevance than would be a uniform effect of RAS blockade on SNA and food intake to leptin.
Others have reported that delivery of ANG II specifically to the brain results in increased energy expenditure, with variable effects on food intake. Porter et al. demonstrated evidence for elevated metabolic rate in both young (39) and adult (40) rats during chronic ICV infusion of ANG II. De Kloet et al. (12) recently reported that chronic ICV administration of ANG II in rats augmented energy expenditure and sympathetic activity to BAT. The infusion of ANG II also reduced food intake, and this correlated with increased hypothalamic agouti-related protein, proopiomelanocortin, adrenocorticotropic hormone, and thyrotropin-releasing hormone. Yoshida et al. (55) also recently documented anorexic effects of ANG II administered either to the subcutaneous space or ICV, and these effects were associated with suppression of hypothalamic neuropeptide Y and orexin expression. In contrast, Grobe et al. (19) recently reported differential effects of the brain RAS on food intake and SNA. In that study, "sRA" mice with transgenic brainspecific overexpression of the RAS had a dramatic elevation of BAT SNA and energy expenditure that was blocked by propranolol. The sRA mice exhibited no consistent reduction in total daily food intake. Further, with a 20% reduction in body mass, food intake expressed per body weight was substantially increased in the sRA mice. We (18) have also demonstrated that chronic DOCA-salt treatment in C57BL/6J mice results in an elevation in resting metabolic rate that is dependent on brain AT 1 activation but DOCA-salt treatment had no effect on food intake. Thus, while several investigators have demonstrated that the brain RAS reliably increases thermogenic energy expenditure, there is conflicting evidence on the effect of the brain RAS on ingestive behavior.
Our studies were quite different from the above-mentioned studies, as we focused on a leptin-brain RAS interaction and not solely on the brain RAS. Nevertheless, our finding that deletion of AT 1a R attenuated the BAT SNA responses to leptin seems consistent with the studies of Porter et al. (39, 40) , de Kloet et al. (12) , and Grobe et al. (18, 19) . The surprising finding is that we did not observe an attenuation of the body weight effects of leptin in the AT 1a R knockout mice given that deletion or blockade of AT 1 R blunted leptin-induced increases in BAT SNA. Since sympathetically mediated thermogenic metabolism contributes to the weight-reducing action of leptin, one might expect that blunting the effects of leptin on BAT SNA by disruption of the brain RAS would reduce the body weight effects of leptin. We did not, however, observe attenuation of the body weight response to leptin treatment in AT 1a R Ϫ/Ϫ vs. AT 1a R ϩ/ϩ mice. We cannot explain these observations except to suggest that other mechanisms might have compensated for the metabolic effects of attenuation of leptininduced increases in BAT SNA. For example, we studied mice with global deletion of AT 1a R. Deletion of peripheral AT 1a R that are known to have a role in adipose tissue differentiation might have offset the metabolic effect of an attenuation of leptin-induced decreases in BAT SNA. Similarly, we cannot discount possible alterations in thermoregulatory behaviors (burrowing, saliva spreading, and huddling) and physical activity in the mice, which could confound interpretation of body mass data.
Our data support a selective interaction between the brain RAS and leptin. Blockade of brain AT 1 R in rats abolished SNA responses to leptin but did not attenuate CRF or MTII induced increases in SNA. Similarly, deletion of AT 1a R in mice virtually abolished SNA responses to leptin but spared SNA responses to melanocortin receptor stimulation with MTII. The renal SNA and cardiovascular responses to leptin are mediated substantially through stimulation of melanocortin four receptors (43, 51) . The findings that disruption of AT 1a R (6) 100 Ϯ 6 9 4 Ϯ 3 9 6 Ϯ 3 9 6 Ϯ 6 9 6 Ϯ 6 Captopril/saline (6) 105 attenuated SNA responses to leptin but not to MTII in mice and that losartan blocked SNA responses to leptin but not to MTII or CRF in rats suggest an unexpected level of selectivity in the brain RAS interaction that appears to involve SNA responses to leptin but not to melanocortin receptor agonists or CRF. As expected (8, 30) , the anesthetized AT 1a R knockout mice had lower blood pressure than their wild-type controls, raising the possibility that the lower blood pressure may have produced a nonspecific depression of sympathetic responsiveness. This seems unlikely because another sympathoexcitatory stimulus, namely MTII, produced increases in renal SNA that were similar in the AT 1a R knockout and wild-type mice.
Another possible interpretation of our results is that the leptin-induced increases in SNA are baroreceptor mediated and that blockade or deletion of AT 1 R attenuates these baroreflexmediated increases in SNA. There are two lines of evidence against this explanation. First, arterial pressure did not decrease with leptin after losartan, captopril, or vehicle in rats. Second, blockade of AT 1 R in rats or deletion of AT 1a R in mice attenuated BAT as well as renal SNA responses to leptin. We previously reported that baroreceptor reflexes do not mediate or modulate leptin-induced increases in BAT SNA (24) . These lines of evidence indicate that the effect of AT 1a R blockade or deletion on the SNA responses to leptin cannot be attributed to attenuation of a normal baroreflex increase in SNA.
Our experiments involved measurement of SNA responses to acute administration of leptin. Whether these findings on a leptin-RAS interaction in regulation of SNA can be reproduced with chronic leptin treatment in unanesthetized animals remains to be determined. In addition, chronic studies are necessary to determine if blockade or deletion of brain AT 1 R attenuates the effects of chronic administration of leptin on arterial pressure in unanesthetized rodents.
Perspectives
The present studies provide evidence for a selective brain leptin-RAS interaction in regulation of SNA. Deletion or pharmacologic blockade of brain AT 1 R attenuated renal and BAT sympathetic nerve responses to ICV administration of leptin without blocking responses to other sympathoexcitatory stimuli. In addition, global deletion of AT 1a R did not affect leptin-induced decreases in food intake or body weight. These findings suggest that the brain RAS facilitates leptin-induced increases in SNA while sparing effects of leptin on feeding behavior. This study does not delineate the significance of this brain leptin-RAS interaction in terms of regulation of arterial pressure in lean or obese mice or during increases in circulating leptin. In a broader sense, the study adds to the evidence that there is selectivity, not uniformity, in the modulation of leptin actions.
